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I. IMT.10D'; C710U 
A , Statsnent of Problem 

Fundamental knowledge of the interactions of noutrons 
and soma radiation with matter la oaaontlal for an under- 
standing of rr. clear ohioldin;. Since the purpoae of any 
radiation shield la to protect personnel and equl^ont, the 
Important neutron reactions In nuclear shielding are those 
which lead to a reduction of tho neutron flux. The micro- 
ocoplc ne itron cron sections have been determined fer the 
various elements (3), and it can be seen from these cross 
sections that the probability of capturing a alow neutron is 
;roa tor for most elements than la tho probability of cap- 
turing a f.*st neutron, inco neutrons are produced in tho 
fission process at relatively high energies, they must be 
slowed down before they can be removed from the system by 
being captured, lersna rays are produced when a neutron is 
absorbed by tho nucleus of .oat elements. It is the function 
of a radiation shield to slow down tho fast neutrons to 
thermal on^rgies, to renovo those thermal noutrona by the 
capture process, end to protect personnel and equipment from 
the garraa radiation of the source and tho additional game 
radiation whic 1 i producod by the neutron capture process. 
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Moat shielding studies have boon concerned with the large 
permanently located reactors, and concrete has been extensively 
used to fulfill the shielding requirements of these reactors. 

If nuclear power plants are to be mobile, It Is apparent 
that the present shielding Ideas crust be expanded and should 
Include other concepts of shielding c aterlals which could be 
used In the place of corcreto to reduce both the size and the 
weight of the radiation shield. When materials other than 
concrete are considered for use in radiation shields, the 
problem of the effects of their ceoDetrlcal arran resent 
within the shield bee ones Important, 

In this lnvesti : tlcn, an attempt was made to use 
materials which by themselves would hare fulfilled only one 
of the functions of a radiation shield. The radlua-berylllua 
neutron aourco which was used In this irvostl tion produced 
radiation similar to the radiation encountered in shielding a 
nuclear reactor. The objeot of thla Investigation was to 
compare the relative effectiveness of those :steriala for 
shielding against this tyoo of radiation aa a funotlon of 
thoir * metrical arrangement within tho (licit , 

Hie practical results of such a study will assist In 
determining tho best typo cf shield construction. 
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B, Rsviow of Literature 

The literature review did not disclose any previous 
lnvesti-catlons closely rolatod to tho affocta of the de tree 
of lamination on the efficiency of radiation shielding. 

Many lrvoati Ration* have bean conducted in the field of 
radiation nhioldln*, but in mo-t c aes they have been made 
to deternine tho effecta of the composition of the concrete 
tand the effecta of variously shaped ducts through the shield. 

C. Deacri tion of Experiment 

A cycle of ahieldiar. aaterial is definod in tills report 
to be eraffin, cadmium, and lead, in this order. Hie paraf- 
fin was used as the moderating material with the function of 
slowing tho noutrona down to tn^rrsal oner^Les, the purpose of 
the cudmiua was to capture t o thoroal neutione, and the 
principal function of the lead was to sorvo as a shield for 
both the ;asna radl tion c f the ‘ourco and the 'aana ra ia- 
tion produced by the neutron- ;«L3*a roaction in the cadmium. 
Tli© ehieldi ctatorlale used In this investi aticn consi -ted 
of ten -in. slieots of paraffin, ten 0.001-in. oheeta of 
cadmium, and ten -in. aheote of load. ince each configura- 
tion of tho 'hleld contained th« s*--:o ton pieces of oacii type 
of material, the ninimici nunbor of cycles of shielding 
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materials was one, while the n ax inrun number was ten. In the 
one-cycle shield, all ten ahoete of paraffin wore placed 
next to the source, then the ten aheeta of cadalm foil, and 
thon the ten ahoeta of load. The ton-cycle configuration of 
the shield was cade by using altornato slnjle aheeta of 
paraffin, caebtlua, and lead. 

With all other voriebloa held constant, the number of 
cycles cf shielding materials was varied fron one to ten, and 
measurements were made of the alow neutron flux, the fast 
neutron flux, and the Intensity cf tho ;osna radiation for 
each configuration. luce It was desired to have equal 
©mounts of each type of material in every cycle of any one 
configuration, there wero only the ono-cycle, two-cycle, 
five-cycle, and ten-cycle configurations possible with ten 
pieces of each type of shielding natorlal. No attempt was 
made to dotoralne the absolute value of the neutron flux or 
the absolute Intensity cf the :anna radiation at the surface 
of tho shield, since the counts per minute and the roentgens 
per hour rocorded rave direct Indications cf tho relative 
efflcloncy of tho shields. 
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II. MATERIALS AND APPARATUS 



A. Shielding Materials 



Paraffin was chosen for tne moderatin' material for this 
invosti :aticn bocause of Its availability, low cost, ease of 
use in the formation of the rioua confi gurations of the 
shield, and its relatively high moderating ratio. The 
moderating ratio is one of the moot important quantities, 
from the theoretical standpoint, in expressing the effective- 
ness of a moderator (2). Jo-.ae approximate values of this 
ratio, using thermal absorption cross soctlonn, were computed 
by the formula below and are listed in Table 1. 



Moderating Ratio = 




( 2 ) 



where: 



is the macioacopic ci ttorirg cross section. 

/ is the macroscopic absorption cross section. 

§ is the average logarithmic energy decrement per 



collision. 

A is tho atomic weight. 



A ^ 2/3 



( 2 ) 



The mean value of tho average logarithmic enor.jy 
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Table 1 

Moderating Ratio of Materials 



Material 


Federating Ratio 


Water 


162.0 


Paraffin 


131.0 


Beryllium 


160.0 


Carbon 


169.0 


Lead 


0.4 



decrement per collision f , which should be used In the above 
formula for neutrons slowing down In a system of several 
nuclear species. Is defined by 




A* • 



The nicroacopic c. section, for t 1 * hydr ;en In water 
and in paraffin, used In t* calculations cf the rsoderatln. 
ratios lifted In Tabic 1, ut t • 'n for the case where the 
aton la bound In a -olocule with the th* i al neutron en»r;jy 
of 0.025 electron volts (2). 

The paraffin which was uaed in this It vestl ;ation was 
the type which is normally uaed for noli'inr candles. lnce 
the exact molecular foroula for this paraffin was not known. 
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It was assumed In the above calculations that it was the 
normal Cd l 2n+2 coc *P our * d (D with n equal to 26. This paraf- 
fin was purchase*' frora a local concern in ten-pound blocks 
which ware appro laat< ly li by 11 by 19 in. These blocks 
were cut to the desired dimensions (i by 0 by 16 in.) by a 
band eav. Duo to the difficulty a parlance* in trying to saw 
eight-inch widths, the paraffin was c t into pieces by Jj. by 
16 in., and these places were welded together by a hot iron 
to fora the desired aheots. This method of cutting the 
paraffin gave oa»e variations in thickness, but it is 
believed that this source cf error was eliminated by nurber- 
in; the sheota and arranging then in the er-se erder for each 
configuration of the shield. 

The cadmium sed for neutron absorption was purchased 
from the Division Lead Caipany, Cfoica o, Illinois, in 0.001 
by 0 by 16 in. sheets. The conventional calculations indi- 
cated that ton of thasa sheots of cadmium foil would capture 
ap roxl'i tely 99 por cent cf the thermal neutrons. 

The lead was purchased fron the Hatlonal Lead Company, 
St. Louis, Missouri In ^ by 0 by 16 in. sheets. Ho computa- 
tions were made to doteralne the thickness of lead required 
to reduce tho <anma radiation to some desired level, and the 
thickness of the lead uaa orbltr rlly chosen to be the same 

as the paraffin. 
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B, Detecting Apparatus 

A standard nine-inch lined noutron counting tube 
with a preamplifier and a standard scaling circuit (PI rures 1 
and 2) was used for the detection of noutrons. The preampli- 
fier (Figure 3) was designed by the electronic shop of the 
Atonic Enerrj Commission at Iowa State Celle but some 
scallns circuits have built-in amplifiers which work equally 
well* The opor^tlng characteristics of this equipment 
(Appendix A) were found to be satisfactory, but the narrow 
plateau (Figure 4) required a re misted volts ’e supply for 
accurate results* 

A Jeneral Electric radiation Monitor (Figure 1) and a 

* 

standard Jol jer-Muller tube were used for the detection of 
Senna radiation* x- orl ents were perfor ed (Appendix B) to 
determine the operating characteristics of those detectors, 
and they wore found to be satisfactory. 

C* Source and Accessory Apparatus 

A radiun-borylllum neutron sourco which contained 94.7 
ras* of r dium was used as the source of radiation. This 
source was left In Its container with the lead plu; renovod 
from tho access hole (Fiji* re 7) for this lnvestlcstion. 

A wooden platform waa constructed to fit over the lead 
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Figure 1* Detecting Apparatus 



A — Scaler 

B — Prenraplifior power supply 
C — B 10 lined neutron counting tube 
D Prennpllf ior for EF® tubo 
E — lenoral Electric Kadiation Monitor 
F — rtop watch 
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Figure 2, Neutron Counting Circuit 



Block Diagram 
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Figure 3 # Preamplifier Circuit for B 1U Lined Counter 




COUNTS PER MINUTE 



36000 




Figure Ij., Plateau Curves for 3^® Lined Neutron Counter. 
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Figure 5. Cross-Section nf Neutron Counter in Holder* 
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ball of tho source container to hold the shielding materials 
in a fixed position above the neutron source* 

A detector holder wae constructed to position the 
lin d tube at tie s* -e position for each configuration of 
nhieldinj materials and to shiel it froci neutrons that had 
been scattered around the shield* Ihls shielding of the de~ 
tector frcn scattered neutrons was see • lished by filling the 
holder with paraffin and placing cadmium around the 
lined countor tub© (Fi *ure 5) so that the only noutrona 
entering it would have to corae directly fron tho source 
throujh the ehioldin? aterlalc* 
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in. pnocuuiE 

Fl jure 6 la a photograph cf tha experimental arrange- 
ment, showing tha neutron counter in ita holder, which was 
positioned over tha shielding aateriale as shown in Fi jure 7. 
Tha oountinj ti a for the various confi juration* and arrange- 
Bonta (Figure 7) waa varied to maintain a atatirtionl 
accuracy of apnraxlnately one par cant. All of tha neutron 
data ware taken tho sane day to avoid any possible error 
beinj induced due to chan **a in tha oporatinj charactarlatics 
of tha equipment. Tha neutron source waa ran Intel nod in a 
flxod looation in tho room during the experiment to insure 
that tha neutron flux within tha detector holder, reaultinj 
froa neutrons being scattered around the shielding raster I si 
by the walls and equlpaont in tho room, did not chan;o due to 
changes in tho 'eonetry of tha scattering materials. 

Jlnce tha noutron source was enclosed in a s a von- Inch 
diameter lead sphere with a holo as shewn in Figure 7# 
removing tho load plug which normally fits In this hole pro- 
duced a semi -collimated be»»: cf neutrons and ;asna rays. 

The shield was centered ovor the holo, with the first 
sheet of shielding material evon with the top of the lead 
boll. With the shlold in place, the detect* r holder vas 
placed ovor the shield, and was positioned by wooden strips 
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Figure 7. Experimental Arrangements for Neutron Counting 
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which were attached to the source container. Tho 3^° lined 
counter tube waa fixed vi thin the holder, and waa not moved 
during the entire lnvestl ration. Tho snail apace between the 
ahleld and the detector hold* r in arrangement 1 (-'igure 7) 
was to make it possible to Insert the O.OQ-ln. aheet of 
cadmium betwoen the shield and the dotoctcr holder In 
changing from orran Tenant 1 to arranjon«nt 2 without moving 
any portion of the experimental set-up. Although the repro- 
duction of data by removing and replacing the detector 
holder waa rood (Appendix A), thla method of changing 
arrangements gave complete assurance that no errors were in- 
duced by changes In tho ;eo-.etry of the aot-up. In :olng 
from arrangement 2 to arrangement 3, the detector holder wee 
ronovod and throe Inches of paraffin was place* ovor the 
cadmlias. The detector holder waa all (na In the horlsontal 
plane by t e wooden etrips, and rosted diroctly on the 
paraffin. 

By forming the particular confi juration of the ahleld, 
and taking readln -a with arran rament 1, arrangement 2, and 
arrangeaent 3 without changing the shield configuration, 
errors due to chan rea in the gooraotry of the aet-up ware 
reduced to a minimum. 

The Jonoral Electric Radiation Monitor and the OeiTcr- 
Kuller tube were positioned ovor the shield by a wooden 
frame, and alnco long Irradiation tines were necessary for 
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the Jenorol Electric Hadiation Monitor, this frame wee nailed 
in position to insure that there wore no chantes in the 
reonetry of the set-up during the • aauroaont. 

ft 

Hie counting rate with the leiger- 'uller tube was ouffi- 
ciently hijh that ten-minute counts ;ave t*v deslrod one per 

cent statistical accuracy. The investi ration usinj the 

a 

^eiger-tfuller tube was performed in one day with the back- 
ground observed aftor the neutron so rce was removed from the 

R 

rooci. inco no attempt was s ado to isolate the Jelger-Huller 
tube from the radi tion scattered around the shield, the 
observed background was not the true val' e, bi t it is 
bollevod that the additional background do to scattered 
radiation was const t and that thia did not induce any 
additional errors in the results * f this investi ’ation. 

The **=sna ra-<i' ti*n intensity at the surface of the 
shield was found to ba aporo<lnataly 0,4 mr/lir, ince the 
lenornl Electric Ra* iatlon onlt r has a full scale deflec- 
tion of twenty *111 i roe nt :ons, an irradiation tine of 
approxi »ately thirty hours was noc< B"*ry to :lve half-scale 
deflection. 
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IV. LLTS A T) DI -C 3*I0N 
A. Neutron Count* 

Aftor obt- ininj the neutron counts listed In Table 2 by 
using the three arraiv*** ents uhown in Figure 7, it was 
possible to separate these counts into these due to fast 
neutrons and tho*e due to slow neutrons. It can easily be 
shown that the probability of a the rani neutron penst rating 
0.08 in. of cadxilua is essentially zero, oince in arrangement 
1 the neutron counts reo' rded wore fro n neutrons of all 
oner ;les and in nrran •«-#nt 2 essontlally all the neutrons 
wit i enerTles below 0.2 av. had boon r« vsd by the caihalxsa, 
the difference b«twoon these two count was t le counts due to 
slow neutrons, which ore define *ero to be neutrons with 
enor^ioa leas than 0.2 ev. 

Since the 3^° lined countor is ranch less sensitive to 
fast neutrons then it is to slow neutrons, arrangement 3 was 
used to slow down the fast neutrons which passed throu *h the 
cadniun in order to increase tho counting rate for the fast 
noutrons. This hljher counti * r«te decreased the effects of 
the scattered neutrons which «»ay have leaked through the cad- 
niun shield within the dotoctor holder. 31 nee th« detector 
in arransen-'nt 3 va' < at a Treater distance fron the source 
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Table 2 

Neutron Counts 



Arrange- 

ment 


Cycles of 
Shielding 
Materials 


counting 

Tine 

(linutes ) 


Counts 


Counting riate (rt) 

n * _Countstj£SS^i 

Tine in Minutes 


1 


1 


20 


22050 


11U2.5 z 7.5 


1 


2 


30 


20100 


670.0 ± U.7 


1 


5 


30 


13^30 


U61.0 i \<) 


1 


10 


ho 


16009 


U00.2 t 3.2 


2 


1 


60 


11010 


103.5 z 1 *° 


2 


2 


60 


10060 


167.7 - 1.7 


2 


5 


60 


9186 


153 .I t 1.6 


2 


10 


60 


9030 


150.5 - 1.6 


3 


1 


30 


12126 


hoh.3 - 3.? 


3 


2 


ho 


Hj0*>0 


350.7 t 3.0 


3 


5 


ho 


12836 


320.9 r 2.0 


3 


10 


ho 


12162 


303 .O - 2.3 



than in ths oth^r two arrongc ■»snts, the neutron counts 
recorded were corrected by the ratio of t‘je squares of the 
distances betweon the source end the detector. Tills ratio 
was conputed froei the distances shewn in Figure 7# and its 
value was found to be 1.U7. 

The above nethods were used for the interpx’etation and 
corrootion of the no tron counts in Table 2, and the countire 
rates for slow and fait no trono are listed in Table 3 and 
plotted in Fi :ures Q and 9. It can be seen f row these plots 
that the decree of lamination of the shieldin'; sterlals has 
a pronounced effeot on the efficiency of a radiation ehleld. 
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Table 3 

Slow and Fast Neutron Counts 



Cycles of 
Shielding 
Materials 


Slow Neutron 
Counting Rate 

(r x . r 2 


.’ost Neutron 
Countii\j Rats 

(1.U7 x R,)« 


1 


959.0 t 7.7 


592.0 t 5.1 


2 


502.3 - 5.0 


515.0 t l *»3 


* 


307.9 - 1*.2 


1*71.0 t l*.l 


10 


21*9.7 t 3.6 


1 * 1 * 6, 0 - l*.l 



*;r bVoVi' pte' "refer to the arran-jonent s In ^Irjure f* 



The manner by which these curves approached the value 
for the ten-oycle confi juration indicated that the decree of 
lanlnation of a radiation ohleld could be increased to a 
point at which a laminated shield would have the smae 
efficiency as a homogeneous mixture of the shielding materials* 
From some teats performed (Appendix D) to check this indica- 
tion, it was found that thoro was fair agreement between the 
ten-cycle shield and the theoretical behavior of a homo- 
geneous shield (Figure 11* )• These results were somewhat 
irregular, but it is bellevod that this could have been 
caused by variations in the thickness of the individual 
cycles and the variation in the distance between the shield 
and tho detector as the cycles wore added* 

Figures 8 and 9 show a decrease in both the alow neutron 
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Figure 8. Slow Neutron Count . 
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Figure 9. Fast Neutron Count 
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count and the feet neutron count for an increase in the 
nusber of cycles of shielding materials. 3ince the sane 
nunber of neutrons started through the shield in each con- 
fi ruratlon, oither raoro neutrons were lost by scattering 
through the edges of the shield or the do proe cf lamination 
had an ©ffoct on the moderating ability of the materials. 
r lnce the difference in the losses due to scattering through 
the edges of the shield for the different oonfl mo tions was 
checked (Appendix C) and found to be -iall in comer Iron to 
the observed decrease in alow neutrons (Figure 6), it is 
believed that the ten-oycl* configuration had a sll-^itly 
greater ability for elowlug down neutrons and consequently a 
•reater ability for r moving neutrons frees the system than 
the one-cycle conf i mration. Figuro 10 shows the microscopic 
cross section curves for hydrogen, carbon, and lead which 
were takon from Reference 3, and these curves will be used to 
give an explanation for the experimentally observed decrease 
in count* for an lncreasa in the niriber cf cycles of 
shloldlng materials. 

Although lead le a poor moderator (Table 1) there ia a 
finite probability of a noutron undergoing a scattering colli- 
sion in lead. In the one-cycle shield, the paraffin per- 
formed the moderation of the na trons which were removed by 

the cadmium without the effects of the lead, Cocas of the 
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Figure 10. Neutron Cross Sections 
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neutrons which passed through the cadniura, experienced 
scattering collisions in the lend and were counted ns slow 
neutrons. In the ten-cycle confi juration of the shield, any 
slow neutrons prod*. cod by the moderation occurring in the 
load could be removed from the systam. Frora the analysis of 
the curves in Figure 10, it is obvious that any moderation 
occurring in the lead at any energy level cannot adversely 
affoct the moderating ability of the paraffin, but if this 
moderation occurs in the ener ;y range where the microscopic 
cross section curves for hydrogen and c rbon have negative 
alopes it will improve their moderating ability. 

This increase in the moderating ability of the paraffin 
in tha ten-cycle configuration by the moderating effects cf 
the lead, and the lightly greater lo-ses due to scattering, 
explain the observed decrease in the fast neutron count. 

Theae effects, plus tho more efficient positioning of the 
cadmium, explain tha obsarvad decrease in the slow neutron 
count. 

The results of this investigation (Figures 0 and 9) 
indicate that tho ten-cycle confi -uration of these three 
shielding matorials is more effioient for attenuating 
noutrons than the one -cycle configuration. >«fore these 
results can be extended to Include other shielding materials, 
the magnitude of the increase in the moderating ability of 
the paraffin by the effects of the lead, and the magnitude 
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of the Increase in losses due to the neutron scattering 
through the edges cf the shielding atorlala should be In- 
vestigated and cotspared to the ovor-all Increase In effectivo- 
nesa of the shielding materials, The magnitude cf the In- 
croase In moderating effectiveness is governed by the shape 
of the microscopic cross section curves cf the shielding 
materials* and the effects of losses due to scattering can be 
roducod by the use of larger sheets of shielding materials, 

B, Jaaraa Counts 



fV 

The gonna counts as recorded by the leiger-Muller tube 
are listed in Table U and plotted In Figure 11, The not 
counting rate has h*en corroctod for the obsorved background 
count of 36,1 1 0,6, 



Table 4 

If 

liamaa Counts by lei jer-.fullor Tube 



Cycles of 

Shielding 

Materials 


Counting 

Time 

(Minutes) 


Counts 


Het Counting Rate (1^) 
" n ’ 


1 


10 


11324 


1096,3 t 10.6 


2 


10 


10563 


1020,7 - 10.3 


5 


10 


10260 


9C9.9 1 10.2 


10 


10 


10256 


939.5 - 10.2 
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CYCLES OF SHIELDING MATERIALS 



Figure 11. Gamma Count 
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Table 5 ia t ie ;--va lntenrlty as rec rded by the 
3en«ral Elec trio Radiation Monitor, The probable error 
listed In tills table is the combined error duo to both the 
•BOiaed reading error and the experimentally determined 
reproduction of data error of the lnntrvn*nt (Appendix D). 

The ganaa count curve (Pleura 11) and the i>nnna intontity 
curve (Figure 12) both show a decreaso as the de ;ree of 
lamination Is Increased* 

In order to explain the behavior of the Tssna radiation 
as a function of the ds^roe of lamination of the shielding 
material s ( the three • ethods by whloh *srcna radiation reacts 
with Blatter will be reviewed* 

The photoelectric effect and pair production co*rpletely 
remove the geseaa radiation from tha system, while the 
Conpton effect do grades its tnar y, The curves for ass 
absorption coefficients versus gamma anerjy, with and 
vithovt the Compton effoct, have been determined (6), These 
curves show a definite increase in the ass absorption co- 
efficients with decreasing energies below approximately 2 
Mev. for heavy elements such as lead and belo* appro. :i ately 
0*1 ' V .ev* for llglit elsnonts. 

Since the efficiency of the Ra- neutron source for 
producing neutrons f ran the available alphas Is very asall, 
and since there are approximately as many : mamas as there are 
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Table 5 

laana Intensity 



Cycle* of 
Shielding 
Material* 


Irradiation 

Tine 

(Hours) 


Reading 

(nr) 


Intensity 
(nr/hr. ) 


Probable 

Trror 


1 


24.7$ 


9.8 


0.396 


*0.0047 


2 


25*20 


9.7 


0 . 335 


* 0.0046 


5 


33.67 


13.9 


o. 360 


-0.0039 


10 


31.00 


11.2 


0. 362 


* 0.0040 
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Figure 12. Crmrana Intensity 
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alphas in tho ru divan decay products (U ) , it ia asamed that 
the contribution of tho :«c 2 *naa produced in tha cadmium to tlie 
total intanaity ia mail. 

A comparison will ba ucla of tha ponotration of tha one- 
cyolo and the ten-cycle configuration of tho ahiald by a 1.8 
Kav* -anna ray. In tho one-cycle •hiold, tha ontira affect 
cf tha paraffin for hi aiding ag*i«»t a-.a radiation of 
thia energy 2a snail and tha effoctivo ass absorption co- 
afficiant will have an avora ;a value within thia energy 
ran :e. In tha ten-cyole configuration of the ahiald, tho 
first £ in. of laad will raduca tha intensity of tho ;sosaa 
radiation to approximately one-half its ori Inal value, and 
successive layers will continue this reduction, dine a this 
reduction of n«*aa intensity occurs in the energy ran?# where 
thora is a finite probability of Cocapton scattering, soc-e of 
tha ;ama ray" will undergo this effect and will ba reduced 
in energy. If tha asavaeption is neda that paraffin follows 
the irano trend a* carbon, air, water, tissue, and oxy;en (6), 
it is obvious that *s the lead In tha ten-cycla confi ruration 
degrades tho ;ames to emu? riea below 0.1 'av. ti e mass 
absorption coefficient for tha photoelectric affect in 
paraffin is greatly increased. f ince tha effectiveness of 
paraffin for shioldin~ ajalnat ;ama radiation is very small 

in con arioon to laad, it la logical to aoauae that tha 5 In* 
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of paraff in in t'*e one-cyele conf i piration of the ohield will 
have very little effect on do ;radins the ener *y of the 
gtsams, and consequently very little effect on the nasa 
absolution coefficient for lead, dince tho ayiitude cf the 
increase in the r.a^s abro-'-tion coefficient for the photo- 
electric effect for paraffin in the ten-cycle configuration 
is an ap roclable amount , it follows that there should be a 
net rain in the ability of the . materials in tho ten-cycle 
confi guration to diield against t-^e gam radiation of the 
source. 

The results of this investi jation indicate that the 
materials in tho ten-cycle eonfi miration of t^e shield are 
more effective in shielding a;ninet fit r.*x radiation than they 
are in the ono-cycle conf imiration. 

The fore^oinG an lysis of tho curves f the •ass 
absorption coefficients versus enerry (6) aacpl< ins the 
decrease in the intensity cf the -r«tr»a radiation with 
increased larainati n, If the ass*- i tlon i * &ade that the 
3as53 as produced in the cadmium are • nly a snail fraction of 
the gravis radiation in the system. Althou h tills is con- 
sidered to be a valid ss\*r?tion f • r this investigation, it 
will not necessarily be valid for oth*»r shielding proble s. 
Por thia reason, those results cunnot be extended to other 

shielding materials or other sources of radiation without a 
complete analysis of the systen. 
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C. Supplementary l-eutron Count* 

The lower -half of the load boll shown in Pi jure 7 wan 
surrounded by paraffin, and it was b lievod that this could 
have been an additional factor vhioh was not considered in 
the for# joins discussion. There is a finite probability that 
some of th# neutrons that onter this paraffin will be scat- 
tered throu^i its upper surface it an lea such that they will 
enter the shield through the ed *ea of the shielding materials, 
and there will be a difference in the counts recorded due to 
those scattored neutrons. This difference will be due to the 
reoeetrlcal i rranjenent of the cadmium in the shield, which 
will capture a greater percent# *e of these neutrons in the 
ten-cycle conf i ruration than in the one-cyelo configuration. 

An additional experiment was performed to determine the 
neutron counting rate with the ed jes of the shielding mater- 
ials protected from these scattered neutrons. The description 
and the results of this experiment are listed in Appendix S. 

Tho available data are not adequate to allow a complete 
Interpretation of these results. The total count, as plotted 
in Figure 1 5, indicates that a maxinua efficiency occurs with 
the two-cycle conf 1 juration. If the previously obtained fast 
neutron counts were subtracted froa the total count to obtain 
the slow neutron count, those re mlts would indicate that the 
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one-cycle conf i juration was tho boot with tho niniisun effi- 
ciency occurring at tho five-cycl© configuration. If th© 
difference* in th© sc«tt*»rinj losses were Included in either 
of th© two preceding Interpretations, th© results would 
Indicat© th*t th© i«inum offlcicncy occurs at the two-cyol© 
conf is iratlon and that thero is vory little difference in 
tho ©ffioioncy of tho five- and tho tcn-cyclo configuration*. 
It can b© seen froa t. ese threo possible interpretations that 
the data do not Indicate conclusively tho variation in effi- 
ciency of shielding as a function of laaainatlon for the case 
in which t> © ed res of the shielding materials were enclosed 
in cadniiB. 
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V. COWLU&IO10 

The following conclusions appoar to bo justified for tho 
shielding materials and source of radiation which were used 
in this investigation. 

1. For loan* radiation, fast neutrons, and alow 
neutrons, tho ten-cycle configuration of tho shield was nore 
effective than the one-cycle confl juration when the edTjes of 
the shielding materials were not enclosed by oadniusa, 

2. The noderating ability of the -hiold increased an 
undetermined amount as the de ;ree of lamination was increased 
when the ed ’os of the shielding Materials were not enclosed 
by cadmium. 

3. The de ;reo of lanination h«d little effect on the 
efficiency of the hiold for tho attenuation of neutrons with 
tho ed,;os of the shielding materials enclosed by cadmium. 
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/III. AF/Tt IICK& 



A, Operating Characteristics Of the Mexttron Detector 

Preliminary investigations were ade to determine the 
operating characteristics of tho neutron detector. The in- 



provide the operating voltage, the effects of tho preampli- 
fier gain, and the relative sensitivity of the counter to 



A series of plateau curve* (figure 4) were determined 
with a preamplifier rain of 40 , 56# and 75* It was found 
that the plateau occurred at 603 volts re rardless of the 
preamplifier :ain, but that the slo e of the curve in the 
plateau region was *reater for a :ain of 40 than for gains of 
56 and 75. This investl ration showed th t the operatic 
voltage was 603 volts, t^at the pre«*lifler :ain should be 
between 56 and 75# end that a regulated voltage supply was 
required for the scaler circuit. 

Since the preampllflor had a * ax in urn gain of 75 which 
oocurred at a control setting of 94 on a 100 division scale# 
the presmplifier gain was carputed by the formula: 



formation available on tho countor used waa not adequate to 



neutrons in an area of both neutrons and garoa radiation. 
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Th« variation in the counts recorded versus preamplifier 
gain (Figure 13) was investigated, and this variation was 
found to be linear for pret-npllfior gain# between 1*0 and 70. 
Since the preamplifier gain was manually adjusted and remained 
at a particular setting throughout the investigation, the 
variation of gain due to changes of the ;ain control was not 
a sourco of error, Jlnoe the statistical accuracy is a 
function of the counting rate and the counting tine, it was 
decided to use the naxiaira presnplifior ain of 7I> to obtain 
the axir.ir; counti: rate, 

Cie efficiency of the neutron counter for count in,} 
jamaA radiation was found to be ns *li lble for g annas with 
energies in f'O radium spectrin, A 10,02-wg. radium source 
was placed in contact with the lined neutron counter tube 
and the counts r> corded were the ea-»e, within statistical 
accuracy, as the bacLground, Since the gon r rcl shape of the 
curves for mass absorption coefficients versus gjsaaa energy 
(6) show a dooroase in the probability of a reaction occur- 
ring with guanas of energies jreator than the highest ener ry 
gssesa in the radium speotrua, it Is believed that the above 
results can be assumed to hold for the sma radiation for 
the ncutron-cacbiiun reactions, ttost of the gwnae produced 
in the neutron-cadniun reaction have ener les within the 
energy npoctrtas of tho radium guanas, but there Is sons 
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possibility of 0 Mev. ’aanas fro r thi reaction (5). These 
0 Xov, ’amaaa will have to penetrate from i to 5 in, of lead, 
and thla will reduce fchoir avers ;e enerjiea to approximately 
the line aa the energy of the radix** caa-.es. 

An exporinont waa performed to determine the probable 
error Induced by the arrangaaont for positioning the detector 
holder over the r^utron source. In thla exporinont all 
variables were held constant, and the deteotcr holder was 
removed and replaced between readings. The probable error 
was found to be approximately 80 counts In 20,000, which Is 
approximately 0.4 per cent. 

The operating characteristics of the lined neutron 
coxuitor led to the conclusions that it was excellent for the 
detection of slow noutrons in this lnvssti nation. The ono 
source of error which was present due to the use of this 
detector was the possibility of slow neutrons leaking throu^i 
the cadnivn lnalda tho detector holder. This sourco of error 
cotild be avoided by more careful deal :n and construction of 
this cadnixea shield, or by performing the investi Ration in an 
area far removed from any scattering materials other than 
those in the shield. The D*® lined neutron counter is not 
easily adaptable for tho measurement cf fast neutrons. The 
method xiaed in this investigation, although it was considered 
adequate here, ia not recorasendod as a standard procedxire to 
be used for future investigations. 
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D. Operating Characteristics of the lei jer-Muller 
Tubs and the General Llectric Radiation Monitor 

An experinont was psrfomod to detamine whether or not 

9f 

the >oigor-*uller tubs and the Jsneral Elec trio Radiation 
Monitor wars sensitive to neutrons* This experiment consisted 
of placing the dotootors in a fixed position with a -in* 
sheet of lead betwoen then and the source of radiation* The 
purpose of this sheet of lead was to remove all radiation 
except gaamas and neutrons* The sources of radiation used 
were the 9l|*7-«5* radiun-berylliun neutron source and a 10.02- 
mg. needle of pure radius* Rescinds were taken with each of 
these sources in position with and without in* of paraf- 
fin between the source and detectors* In every case the pure 
radium source gave a higher reading when the observed reading 
were converted to a basis of one a;* of radiun* This experl- 

9V 

laent indicated that both the lelger-Muller tube and the 
Jeneral electric xladlatlon Monitor were ineenaitlve to both 
feat and elow neutrons. 

The Jeneral Electric Radiation Monitor had a listed 
calibration of -10 per cent* It wes believed that this 
calibration could not b# used to give a measure of the 
probable error in the use of thle instrument, since the 
probable orror computed from thle value would have been 
greater than the variation in the gaana intensity for the 



difforent configurations of the shielding naterialu. An 
experiment was performed to determine a nor* useable value 

of the probable error, A series of readin -a were taken with 
the tenoral Electrio Radiation Monitor at a fixed distance 
from a 10,02->sg, needle cf pure radium, and the per oent 
probable error was computed from these readings in the 
following Banner, 

Standard Deviation ( 07 ) * 

Probable Error * O,67U07 
where : 

X la the average value of the individual readings, 

X, io tho value of the individual readings, 

I Is the number of readings, 

Por Cont Probable ' rror * — r - ^ - ~ x 100. 

X 

The per cont pi’ bable error as defined above was com- 
pu tod for thia series of readin* s and its value was deter- 
ninod to be l,liiu The probable error listed in Table 5 in- 
cludes both thia error and the aasuned 0,1 nr. error in 
reading the scale. 

Although the operating characteristics of those det ro- 
tors indicated tliat they should have been excellent for the 
detection of :ewza radiation in a combined field of ’cmas 
and neutrons, there were several limitations observed in 
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their use durir*? this investigation. The Jeiger- fuller tuba 
counts only a vary snail fraction of the incident mannas, but 
the moat severe limitation of the use of this deteotor is the 
conversion of the counts recorded into other units normally 
used as the measure of the intensity of gmssa radiation. 

n 

Towevor, the Jelsjer-Mullor tube is an effective instrument 
for making comparative measurements of the number of gsraaas 
which penetrate different confi jurationa of a shield. The 
General Electric isdlatlon Monitor is not as acourate as sene 
of the other lonlzation-chanber type instruments, but its 
full scale deflection of twenty xoilliroentgens made it de- 
sirable in this investigation. This instrument is not recom- 
mended for the measurement of the intensity of gsmsM radia- 
tion unless the intensity is so low that the uae of other 
types of inotrumants would require unreasonably long irradia- 
tion tiaea. 



C. '’catterin? Losses 

An experiment was parfor ed in an attempt to determine 
the effeots of the degreo of lamination on the scattering of 
neutrone throu ;h the edgos of the shieldin' materials. In 
this cxpex’iment the cadmium was removed from tho different 
conf igurations of the shield, and the count duo to neutrons 
of all onergios was observed. Sinco the fast neutrons undor- 
;o fewer ocuttoring colli oions than the slow noutro ns, and 
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sine* the neutron counter le acuch leas efficient for faot 
neutrons than for slow neutrons, it Is logical to assuae that 
the observed scattering losses are primarily due to slow 
noutrons. 

The counts observed in this experiment aro listed in 
Table 6. If it could be assumed that the moderating ability 

Table 6 



Neutron Counts Without Cadmium In the Shield 



Cycles of 
Shielding 
Materials 


Counting 

Time 

(Minutes ) 


Counts 


Countin Rate (R) 


„ Counts - ^ Counts’ 

B ’ 11. • in"T»iVoV 


1 


10 


27290 


2726.8 t i6.5 


2 


10 


29160 


2316.0 ± 16.6 


S 


10 


261-70 


26 ^ 7.8 t 16.3 


10 


10 


2h2h2 


2!j2!*.2 t 15,6 



of the shielding materials was not a function of the de t«o 
of lamination, the percenta :e Increase in eoatterln; losses 
between the one-cycle oonf i ruratlon and the ten-oycle con- 
figuration could be oooputod by: 

Percentage Increase -(One-cycle Couit - Ten-cycle Count) 1Q0 
In Scattering Losses One-cycle Count 



The increase in scattering lessen computed by this method wee 
found to be 11,1 per cent. 
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fine* It has been established that there was an Increase 
In the moderating ability of the unterlals as a function of 
the decree of lamination, this observed value cf the percent- 
age Increase In scattering losses Is soewhat lower than the 
actual vclU' . Duo to the sho^e of the neutron cross section 
curves (Pi jure 10), It is logical to assume that this increase 
in the moderating ability cf the materials Is relatively 
small, and consequently the Increase of the actual over the 
computed value of the p**rcentaje lnc:*ease in scatterir^; 
losses will be snail. 

D. Coi!‘arlaon of t^o Ten-cycle Confl *uratlon 
With a Iloao teneous Shield 

This experiment was perfor-ed by observing the total 
neutron counts after each cycle was added to the ten-cyole 
confl juration of the shlold. The observed data ore listed In 
Table 7. 

The value for the effective A was determined by use of 
the equations: 

My _ MX 

I, a I e~ y 1 and I P « I e / A 2 
1 o c o 

where: 

1^ Is the counts after one cycle. 

I 2 Is the counts after two cycles. 

I Q Is the counts without any shielding materials. 
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Tabl* 7 

Keutron Count* 



Cycle* of a 


Counting 




Counting Rat* (R) 


Ten-cycle 

Shield 


Tin* 

(Mlnutea) 


Counts 


n Counts - \fcounts 
T1 .0 in ilnutes 


1 


3 


1062 ^ 


6200.0 t 45.5 


2 


3 


15540 


5i0o.o i 41.6 


3 


3 


13140 


4303*0 i 38.3 


\ 


4 

5 


13094 

13086 


3496.0 ^ 29*5 

2617.0 * 23 .O 


6 


6 


11493 


1915.5 - 10.0 


7 


6 


1O069 


1453.0 t 13.0 


8 


13 


11696 


099.7 2 0.3 


9 


16 


10802 


676.0 - 6.5 


10 


ho 


16008 


400,2 t 3.2 



Is the thicknea* of on* cycl* of materials. 

Xg la tha thicknea* of two cycles of materials, 
la the effective absorption coefficient for the 

naterlal*. 

llxla method waa used to determine the value for the 
effective absorption coefficient for each cycle of ahleldinj 
material a. The average value of theae absorption coefficient* 
waa determined and uaed In the above equations to coelute 
values of I 0 . The average value of I Q waa determined and a 
theoretical plot was made, uai 13 the avera o value of I Q and 
the average value of the absorption coefficient in the above 
equation* (Pi jure 14). The observed counting rat* wa* then 
plotted on the anno graph, and it can be seen that there is 
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INCHES OF SHIELDING MATERIALS 

Figure ll|.* Shielding Characteristics of the Ten- 
cycle Shield. 
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fair a;reanent between tha two plot a, with tha obaarvad data 
divorcing from tha thaoretlcal plot at aach end, 

£, Supplementary Neutron Counts 

An additional experiment was performed to determine the 
effects cf the neutrons which were scattered Into tha shield 
by tha paraffin urroundir- the lead ball shown in irpiro 7* 

In this experiment a O.Oh-ln. sheet of c •dmlvs* was placed 
around the shielding naterlala to capture the thermal 
neutrons that would have been scattered into the shield from 
the upper surface of tha paraffin surroundin'; tha lead boll 
in the oourco container. As an additional precaution, 2 in. 
of paraffin was plaood next to thin cadnina. The purpose of 
this additional paraffin was to Increase the probability that 
neutrons which ware acuttored into the cadmium surrounding 
the shielding materials would have thermal energies and would 
be captured by tha c a dial in. 

The results of this e/perlraent are listed in Table 0. A 
check wan mad# to detenalno if the basic system used for this 
experiment was the same as it wss in the provlous experiment. 
This check was made by taking readings cf tho natron counts 
without tho additional cadaiiaa and paraffin around the ed ;es 

of the shielding materials, which was tha asrae arrangement as 
arrangement 1 shown in Figure 7* These results indicated that 
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Table 8 

Neutron Count — Corrected 



Cycle e of 
Shielding 
Katerlale 


Counting 

TIjbq 

(Minutes) 


Counts 


Counting Rate (R) 
f „ Counts t \TCounts* 
Tine In Hlnutee 


1 


30 


11650 


330.3 t 3.6 


2 


30 


11421 


330.7 t 3.6 


s 


.30 


11994 


399.8 t 3.6 


10 


30 


11818 


393*9 t 3.6 



the two eystene were similar but were not identical. 

No experiments wore erforaed to determine the effects 
of those ecattored neutrons on the fast neutron count. 

Since there is a finite probability that neutrons of all 
energies will be scattered Into the shield through the ed es 
of the shielding materials. It is logical to assiae that 
these scattered neutrons will have soae effect on the fast 
neutron counting rate. Oinco the two ays tons were not 
Identical, and since the effect of the scattered neutrons on 
the fast noutron count was not determined, no attempt was 
as do to separate the total count Into counts due to slow 
neutrons and counts due to fast neutrons. The results of 
this experiment are plotted In Figure 15* 

A second additional experiment was performed to determine 
the ef foots of the decree of lamination on the scattering of 
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Figure 15. Supplementary neutron count. 
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Table 9 

Corrected Neutron Counts Without Cadal aa in the Shield 



Cycles of 
Shielding 
Material n 


Counting 

Time 

(Minutes) 


Counts 


Countin’ Rate (R) 
p „ Counts ± /Count s' 
i’lne In &nutea 


1 


10 


17576 


1757.6 i i3 # 3 


2 


10 


22072 


2207.2 t UuB 


5 


11 


23062 


2169.3 - m.o 


10 


10 


21536 


2153.6 i Hi. 7 



neutrons through the ed -es of the shielding materials for 
this new system* In this experiment the cadmium was removed 
fron the dlfferont configurations of the shield, the cadmium 
sheot and the additional paraffin was placed around the edges 
of the shielding notorial'*, and the counts due to neutrons of 
all energies were obsorved* The counts obsorved in tills 
experiment are listed In Table 9* 
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